We report for the first time the one-step synthesis of solution-processable, highly crystalline, niobium-doped titanium dioxide (Nb-TiO2) nanorods in the anatase phase by the hydrolytic condensation of Ti(O i Pr)4 and niobium (V) ethoxide using oleic acid as a structure-directing and stabilising agent. These novel surface-stabilised nanorods can be easily dispersed in common solvents at relatively high concentration (∼10%) and deposited as uniform, thin and transparent films on planar substrates for the fabrication of electronic devices. The small size of the nanoparticles synthesized represents an important advance in achieving high-k dielectric thin films smooth enough to be suitable for OFET applications and the plastic electronics filed in general. Preliminary investigations show that the dielectric constant, k, of niobium-doped (7.1 wt%) titanium dioxide (Nb-TiO2) nanorods at frequencies in the region of 100 kHz-1 MHz, are more a third greater (k > 8) than that (k = 6) determined for the corresponding undoped titanium dioxide (TiO2) nanorods. The current-voltage (J-V) behaviour of these devices reveal that niobium-doping improves, by reducing, the leakage current of these devices, thereby preventing hard dielectric breakdown of devices incorporating these new nanorods.
Introduction
Solution-processable and printable electronics is forecast to become a major disruptive technology, not by replacing conventional electronic devices, but by opening new markets based on flexible, low-weight and mechanically robust substrates and low-cost, deposition-from-solution manufacturing processes, such as roll-to-roll fabrication of displays, transistors, photovoltaics, RFID tags, etc. The sequential processing of different material classes, such as organic semiconductors, metal oxide semiconductors or dielectrics, conducting polymers or metallic colloids, to form multi-layered uniform thin films, is often required to realise such devices. [1] [2] [3] Although the colossal dielectric permittivity of niobium-doped titanium-dioxide ceramics have been reported, 4, 5 these were prepared by solid state synthesis requiring sintering temperatures up to 1400 °C and hence are unsuited to electronic film fabrication processes and to plastic electronic applications.
Solution-processable high-dielectric constant, k, materials are highly sought after as an inexpensive route to plastic electronic devices, and have the potential to replace silicon dioxide as a gate dielectric to enable further miniaturisation of electronic components. Polymers doped with nanoparticles to create high-k polymer composites represent a potentially attractive approach to create high-k gate dielectrics from solution for plastic electronics. However, major challenges of this approach, still to be resolved, include the realization of stable, homogeneous nanoparticle dispersions as well as the tailoring of stable polymer/nanoparticle interfaces required to achieve the desirable electrical performance. [6] [7] [8] Titanium dioxide is a very promising material for application in hybrid organic/inorganic photovoltaic device applications due to the high dielectric constants of the anatase (k = 31) and rutile (k = ∼114) phases. 9, 10 Resistive switching has also been demonstrated in titanium dioxide thin films designed for application in next-generation, non-volatile memory devices. 11 In order to render titanium dioxide nanoparticles soluble -and therefore processable -from organic solution, their surface must first be functionalised with organic ligands/surfactants in order to overcome the strong inter-nanoparticle adhesion forces. 12 Ligands with long, flexible aliphatic chains are often used to stabilise spherical or rod-shaped inorganic nanoparticles and thereby inhibit their aggregation/sintering. 13 Such hybrid organic/inorganic nanocomposites do not suffer from phase separation over time, since a uniform monolayer of the organic coating is chemically bound to the surface of the nanoparticles. The ability to synthesise short, surface-stabilised, semiconductor nanorods, soluble in common solvents used to deposit semiconductor materials on plastic electronic substrates using spin coating, drop casting, inkjet printing, Doctor blade and related techniques, etc., with a low degree of dispersity, also facilitates the formation of uniform, thin dielectric layers with the desired dielectric and other electrical, electronic and physical properties.
One-dimensional (1D) nanostructures such as nanorods, nanowires, nanobelts and nonotubes, have attracted much attention for optoeletronic applications and photocatalysis due to their anisotropic features, high aspect ratios and high surface-area-to-volume ratios, which offer a high density of sites available for surface reactions, better load-transfer in composites, and higher (interfacial) charge-carrier transfer rates. 14 Hydrothermal and solvothermal processing, templating, electrospinning and solution-phase reactions have been developed to prepare such titanium dioxide nanorods. [15] [16] [17] The non-hydrolytic synthesis of titanium dioxide nanorods with high crystallinity and organic surface coatings has attracted considerable recent interest in relation to the fabrication of solution-processed plastic electronic devices. 18 Weller et al. reported a one-step, low-temperature method to prepare wellcrystallized oleic acid-capped, titanium dioxide nanorods in the anatase phase by hydrolysis of titanium tetraisopropoxide [Ti(O i Pr)4], using oleic acid as the surfactant and tertiary amines or quaternary ammonium hydroxides as catalysts. 19 Concentrated colloidal dispersions in organic solvents can be easily prepared from such oleic acid-capped titanium dioxide nanorods. Oleic acid-capped titanium dioxide nanorods have also been prepared from Ti(O i Pr)4 at higher reaction temperatures of 260-270 °C. 20 Shaffer et al reported the preparation of solution-processable anatase titanium dioxide nanorods by two-step non-hydrolytic condensation reactions between TiCl4 and Ti(O i Pr)4 in the presence of oleic acid. 18 Recently, niobium-doped titanium dioxide (Nb-TiO2) nanorods (Nb = 3 wt%) have been prepared by low-temperature (120 °C) hydrolytic condensation of NbCl5 and Ti(O i Pr)4 in the presence of oleic acid, but the nanorods were not homogenous. 21 Nanoscale niobium-doped titanium-dioxide particles (NbTiO2) have attracted increasing attention due to their electronic properties and potential applications. [22] [23] [24] Lu et al showed that optical transparency and electrical conductivity of the niobiumdoped titanium-dioxide (Nb-TiO2) thin films prepared by reactive, remote-plasma sputtering deposition are comparable to those for tin-doped indium oxide (Sn-TiO2 or ITO), offering significant potential for the low-carbon processing of niobiumdoped titanium-dioxide layers (Nb-TiO2) as a substitute for ITO as standard industry electrodes and hole-injecting layers that require scarce and expensive indium. 25 Kim et al have successfully used niobium-doped anatase titanium-dioxide nanoparticles as photoanodes in organic dyesensitized solar cells (DSSCs), 26 while Duta et al showed that niobium-doped titanium-dioxide multilayer films (1-10 layers) in the anatase phase are suitable for environmental carbon monoxide sensors. 27 Yu et al reported that niobium-doped titanium-dioxide rod electrodes exhibit enhanced electrical conductivity, high reversible capacity, long cycle life and excellent rates capability, and hence can be employed as an anode material in lithium-ion batteries. 28 More recently, niobium-and indium-doped titanium-dioxide (Nb-In-TiO2) ceramics were shown to be high-potential dielectric materials. 4, 5, 29 Niobium-doped titanium-dioxide ceramics (NbxTi1-xO2, where x = 1-8 atom%) with giant permittivity (>104) and a very low dielectric loss (∼0.05) were prepared by sintering rutile TiO2 and Nb2O5 mixed powders under flowing N2 at 1400 °C for 10 h. 4 The electron-pinned defect-dipoles were confirmed as the origin of both their high permittivity and low dielectric loss in the high frequency range for resulting NbxTi1-xO2 ceramics with x > 4 atom%. Mandal et al also reported the enhancement of the dielectric constant of sintered titanium dioxide films upon doping with niobium. 5 High-density rutile Ti1-xNbxO2 (x = 0.0, 0.02, 0.04, 0.06 and 0.1) was prepared from a mixture of TiO2 and Nb2O5 by sintering at 1400 °C for 48 h. The heterogeneous microstructure consisting of semiconducting grains and insulating grain boundaries was reported to unlock micro-capacitors with high permittivity (∼104 at room temperature and 1 kHz). In addition, intrinsic defect dipoles also contributed towards the high permittivity.
Niobium is an excellent foreign atom for isostructural incorporation into the TiO2 lattice because its ionic radii r(Nb 5+ ) = 0.064 nm is close to that of Ti 4+ (r(Ti 4+ ) = 0.0605 nm). 30 Since Nb 5+ has one additional valence electron compared to Ti 4+ , the charge compensation of Nb 5+ in substitution to Ti 4+ comes from either by the creation of Ti cation vacancy, or by the stoichiometric reduction of Ti 4+ to Ti 3+ , depending upon the ambient oxygen activity. Under oxidizing conditions, incorporated Nb is compensated ionically by titanium vacancies as showing in the following chemical equilibria:
Under 5 , NBIO], using oleic acid as a surfactant and surface stabiliser in combination with tertiary amines or quaternary ammonium hydroxides as reaction catalysts. The electrical properties of these oleic-acid-stabilised, niobiumdoped titanium dioxide (OA-Nb-TiO2) nanorods were expected to be superior to those of the corresponding non-doped oleicacid-stabilised, titanium dioxide (OA-TiO2) nanorods, which exhibit high solubility in common organic solvents used to deposit thin, smooth, and transparent films of the solute on device substrates for low-cost, plastic electronic applications using standard processes, such spin coating, drop casting, inkjet printing, Doctor blade techniques, etc., 19 but low values for the dielectric constant, k, and high leakage currents in standard crossbar test devices.
Experimental
Synthesis of Oleic acid-stabilized, niobium-doped titanium oxide nanorods (OA-Nb-TiO2)
(2)
The oleic acid-stabilized, niobium-doped titanium oxide (OA-Nb-TiO2) nanorods were prepared by co-hydrolysis of titanium (IV) tetraisopropoxide (TTIP) and niobium precursors, niobium isopropoxide (NBIO) and niobium (V) ethoxide (NBEO), using oleic acid as solvent and surfactant at low temperature (100 °C). Trimethylamine N-oxide (TMAO) was added as a catalyst for the polycondensation in order to form a crystalline product in a similar way to titanium alkoxides, which readily react with carboxylic acids in mild conditions to form titanium oxocarboxyalkoxide, see equation Titanium (IV) tetra-isopropoxide (TTIP, ≥97.0 %), oleic acid (90 %), trimethylamine N-oxide (TMAO, 98 %) and niobium (V) ethoxide (NBEO, 99.95%) were sourced from Sigma-Aldrich. Niobium isopropoxide (NBIO, 99%) was sourced from Alfa Aesar. Ultrapure water with a specific resistance of 18.2 MΩ·cm was obtained by reversed osmosis followed by ion-exchange and filtration (UPQ PS system, ELGA, USA). Pure N2 gas cylinder was provided by Energas ltd, UK
Chemical and physical characterisation
Fourier transform infrared spectra were recorded on a Nicolet Magna-500 FTIR spectrometer. Transmission electron microscopy (TEM) was collected using a Jeol 2010 TEM running at 200kV. Images were obtained with a Gatan Ultrascan 4000 digital camera. The liquid sample was mixed well in a vial, a 5μL aliquot is placed on a hydrophilic carbon coated copper grid and allowed to air dry. X-ray powder diffraction (XRD) analyses were performed on a PAN analytical Empyrean Series 2 Diffractometer. The concentration of the titanium and barium present in the samples was determined on the Perkin Elmer Optima 5300DV emission ICP instrument. The concentration of carbon, hydrogen and nitrogen present in the samples was analysed by Fisons EA 1108 CHN apparatus. Polarized optical microscopy (POM) was conducted on an Olympus BH2 polarising microscope, with images taken by polarizers in a perpendicular arrangement. X-ray photoelectron spectroscopy (XPS) was undertaken on a Kratos Axis HSi spectrometer fitted with a charge neutralizer and magnetic focusing lens, employing Al K α monochromatic radiation (1486.7 eV). Spectral fitting was performed using CasaXPS version 2.3.14. Binding energies were corrected to the C 1s peak at 284.6 eV and surface atomic compositions calculated via correction for the appropriate instrument response factors.
Dielectric characterisation
The electrical properties of oleic-acid-stabilised, niobium-doped (7.12% and 5.6%) titanium dioxide (OA-Nb-TiO2) nanorods S4 and S5, respectively, and that of the corresponding non-doped, oleic-acid-stabilised, titanium dioxide (OA-TiO2) nanorods, for comparison purposes, were tested using a crossbar approach. A crossbar device consists of a sandwich of the test material between two metallic electrodes perpendicular to each other, i.e., the bottom and top electrodes. Glass slides cut to size and cleaned using acetone and propan-2-ol were used as substrates. The bottom and top electrodes were made of aluminium, deposited using an E306 Edwards thermal evaporator, and the patterns were created via using a custom made self aligning shadow mask set. The materials were deposited on the bottom electrode patterns via solution processing and spin coating. Solutions of concentrations 10 wt% in chlorobenzene were used and spincoating was carried out in static mode at 1000 rpm for 30 s followed by a 10 min bake at 100 °C. The film thickness was kept in the range 270-320 nm. Due to the small size of the nanoparticles used, the surface of these thin films is relatively
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Please do not adjust margins flat, characterised by a surface roughness of 2-3 nm RMS and good uniformity over large areas with maximum peak-valley height difference of ∼25 nm over a 1 μm 2 . Electrical characterisation measurements were carried out in inert environment using a custom built triaxial probe station system equipped with a Solartron 1260 impedance analyser and an Agilent B2912 source measure unit. The dielectric constant of the materials was extracted from the parallel capacitance resulting from analysing the impedance data using a simple R-C (resistance-capacitance) parallel model for our test cross-bar devices.
Experimental details for the synthesis of oleic-acid-stabilised, niobium-doped titanium oxide (OA-Nb-TiO2) nanorods S1-S6
Oleic acid (420 g) was dried under vacuum for 1 h at 120 °C and then allowed to cool to 85 °C. Titanium (IV) isopropoxide (17.7 cm 3 , 60 mmol) was added under nitrogen to form a clear yellow solution. After stirring for 10 minutes, the required amount of niobium precursors was injected quickly to the yellow solution, see 
Results and discussion

Physical properties
The effect of the niobium precursors on the oleic-acidstabilised, niobium-doped titanium oxide (OA-Nb-TiO2) nanorods S1-S6, see Table 1 , can be observed from the products prepared after 72 h reaction. Analysis by ICP indicates that the molar ratio of Ti:Nb in the products S1 and S2 prepared using niobium isopropoxide (NBIO) as a reaction precursor was 74.5:1 and 77.8:1, respectively, which were much higher than those (9:1 and 19:1, respectively) for the starting materials (TTiP:NBIO), see Table 1 . However, the molar ratio of Ti/Nb in the products S4 and S6 prepared using niobium ethoxide (NBEO) as a reaction precursor was 10.2:1 and 18.3:1, respectively, values which are close to those (9:1 and 19:1, respectively) for the starting reagents (TTiP:NBEO), see Table 1 . One possible reason is for these differences would be that niobium oxocarboxyethoxide may have a similar non-hydrolytic condensation speed as that of titanium oxocarboxyisopropoxide, which results in products with a similar Ti:Nb ratio to that of the starting materials TTiP:NBEO. As for NBIO, the higher Ti:Nb ratio comparing with the starting materials TTiP:NBIO ratio is probably due to the slower nonhydrolytic condensation speed of niobium oxocarboxyisopropoxide compared to that of titanium oxocarboxyisopropoxide. Table 1 also shows the effect of reaction time on the composition of the oleic acid-stabilised and niobium-doped titanium dioxide (OA-Nb-TiO2) nanorods S1-S6. It can be seen that the molar ratio of Ti:Nb in the product S5 prepared during a 24 h reaction is 13.7:1, much lower than that (19.0:1) of the TTiP:NBEO starting materials. At higher reaction times (72 h), the molar ratio of Ti:Nb in S6 is 18.3:1, which is very close to that (19.0:1) of the TTiP:NBEO starting materials. This difference is possibly due to the fact that some of titanium oxocarboxyisopropoxide may not been have completely converted to oleic acid-caped titanium oxide in the 24 h reaction, which is supported to some degree by the low product yield for this reaction, i.e., 1.47 g for S6 compared to 1.20 g for S5.
The XRD patterns of the oleic-acid-stabilised, niobiumdoped titanium dioxide (OA-Nb-TiO2) nanorods S1 and S3-S6 and those of the corresponding non-doped oleic-acid-stabilised, titanium dioxide (OA-TiO2) nanorods shown in Figure 1 (a-e and f, respectively) are very similar. 19 Only peaks attributable to titanium dioxide in the anatase state are observed, with no Nb2O5 or NbO2, for the oleic-acid-stabilised, niobium-doped titanium dioxide (OA-Nb-TiO2) nanorods S1 and S3-S6. These findings suggest that niobium may have been incorporated into the titanium dioxide lattice, 32, 33 or Nb2O5 or NbO2 may be present in the amorphous form. The FT-IR spectra of the oleic-acid-stabilised, niobium-doped titanium dioxide (OA-Nb-TiO2) nanorods S3-S6, prepared from NBEO, are shown in Figure 2 . The IR absorption peaks observed at 2850, 2920 and 2955 cm -1 , attributable to C-H3, C-H2 and C-H the oleic acid coating with titanium centres of the surface of the nanorods. 34, 35 In addition, the stretch vibrations, are indicative of the presence of (organic) oleic acid bound to the surface these (inorganic) nanorods. The two strong peaks at 1525 and 1430 cm -1 , a frequency difference around Δνa-s = 95 cm -1 , are attributable to asymmetric and symmetric stretching vibrations of the bidentate carboxy (COO -) group, indicating the interaction of carboxyl groups present in the oleic acid coating with titanium centres of the surface of the nanorods. 34, 35 In addition, the very weak and broad stretch at 3465 cm -1 indicates the presence of trace hydroxyls on the surface of the nanorods. The presence of oleic acid on the surface of the nanorods is also supported by elemental analysis, which indicates the presence of both carbon and hydrogen at relatively high concentrations, i.e., 20 % and 3 %, respectively, see Table 1 . Analysis of HRTEM images show that the shape and aspect ratios (5 to 8) of the oleic-acid-stabilised, niobium-doped titanium dioxide (OA-Nb-TiO2) nanorods S1-S6, see Figure 3 (bf), are very similar to those of the corresponding non-doped oleic-acid-stabilised, titanium dioxide (OA-TiO2) nanorods, see Figure 3 (a), which strongly suggests that the presence of a relatively high concentration of niobium in the former nanorods has very little impact on their shape or size, which again is consistent with the incorporation of all of the niobium in the reaction mixture into the titanium dioxide lattice. Please do not adjust margins
Please do not adjust margins niobium-doped titanium dioxide nanorods (OA-Nb-TiO2) (b) S1, (c) S3, (d) S4, (e) S5 and (f) S6.
The surface composition and chemical environment of the oleic-acid-stabilised, niobium-doped titanium dioxide (OA-NbTiO2) nanorods S4-S6, prepared from NBEO, were investigated using XPS, see Figures 4 and 5 for high-resolution Nb 3d and Ti 2p XP, respectively. The Ti 2p XP spectra for non-doped oleicacid-stabilised, titanium dioxide (OA-TiO2) nanorods are also shown in Figure 5 for the purposes of comparison. The surface concentrations and binding energies of Ti(III,IV) and Nb(IV,V) chemical states derived from XPS peak fitting are summarised in Table 2 . The Nb 3d XP spectra exhibit the characteristic Nb 3d doublet with 3d5/2 and 3d3/2 spin-orbit components at 207.0 eV and 209.6 eV, respectively (Figure 4) . Peak fitting reveals principally Nb 5+ at 207.0 eV 36 and a small contribution from Nb 4+ around 205.9 eV. 37, 38 The Nb 4+ /Nb 5+ ratios for S3-S6 are shown in Table 2 and span 0.13-0.08. We therefore conclude that Nb 5+ is the principal dopant within the TiO2 matrix, co-existing with trace Nb 4+ . Figure 5 shows that the analogous non-doped oleicacid-stabilised, titanium dioxide (OA-TiO2) nanorods has 2p3/2 and 2p1/2 2p binding energies of 458.45 eV and 464.10 eV, respectively, similar to those observed for all the oleic-acidstabilised, niobium-doped titanium dioxide (OAand 2.7% respectively) is higher than that (2.03%) determined for the corresponding non-doped oleic-acid-stabilised, titanium dioxide (OA-TiO2) nanorods associated with a small number of oxygen vacancies arising from equations 11 and 12. 4 It is well known that the introduction of Nb 5+ into TiO2 can increase the Ti 3+ content due to charge compensation, as shown in equations 10 and 12. 4, 40 However, the concentration of Ti 3+ determined for S3-S6 is significantly lower than the amount of Nb introduced (10 atom% for S3 and S4 and 5 atom% for S5 and S6). This observation has been previously reported for ceramics doped with high Nb levels (>4 atom%). 4 It was reported that higher Nb level will provide excessive electrons, which can be captured by oxygen vacancies in Eq. 11 to further transform into Oo. Equation 11 will reduce the concentration of electrons, which in turn will limit the extent of Ti 4+ reduction in Equation  12 and hence the Ti 3+ concentration. 4 The 2(Nb 5+ )
• Ti→ 4(Ti 3+ )'Ti ← V0
•• defect complex, in which electrons and oxygen vacancies are located in the limited lattices, will lead to the formation of electron-pinned defect dipoles. 4 A B Figure 5 Ti 2p XP spectra of (A) non-doped oleic-acid-stabilised, titanium dioxide (OA-TiO2) nanorods and the analogous oleic-acidstabilised, niobium-doped titanium dioxide (OA-Nb-TiO2) nanorods, prepared from NBEO (B) S3, (C) S4, (D) S5 and (E) S6. Table 2 Surface composition and binding energies of the non-doped oleic-acid-stabilised, titanium dioxide (OA-TiO2) nanorods and the corresponding oleic-acid-stabilised, niobium-doped titanium dioxide (OA-Nb-TiO2) nanorods S3-S6.
The surface chemical compositions obtained from XPS fitting for the non-doped oleic-acid-stabilised, titanium dioxide (OA-TiO2) nanorods and the corresponding oleic-acid-stabilised, niobium-doped titanium dioxide (OA-Nb-TiO2) nanorods S4-S6, prepared from NBEO, are shown in Table 3 . The atomic ratio of Ti:Nb was 6.32:1 and 6.23:1 (13.7 and 13.8 % Nb )for S3 and S4, respectively, somewhat lower than the bulk loadings determined by ICP of 9.5:1 and 10.2:1 (9.5 and 8.9 % Nb). Similarly, the surface atomic ratio of Ti:Nb was 8.63:1 and 11.85:1 (10.4 and 7.8 % Nb) for S5 and S6, respectively, lower than the bulk ICP values of 13.7:1 and 18.3:1 (6.8 and 5.2 % Nb). These findings suggest a slight segregation of niobium on the surface of the titanium dioxide nanorods. Surface segregation and agglomeration of niobium on titanium dioxide fibres and particles has been reported previously 30, 39 driven by the higher oxygen affinity for niobium than titanium. 31, 38 The possible reason for the relative low bulk solubility of niobium in titanium oxide is the low reaction temperature (100 °C). Ruiz et al. reported a solubility limit of 10 % niobium into anatase titania, 30 but the sample was obtained after heat-treated at 600 °C.
All the oleic-acid-stabilised, niobium-doped titanium dioxide (OA-Nb-TiO2) nanorods can be readily suspended at relatively high concentration (10 wt%) in chlorobenzene, as shown in Figure 6 for the nanorods S3-S6.
Figure 6
Photographs of the suspensions of oleic-acidstabilised, niobium-doped titanium dioxide (OA-Nb-TiO2) nanorods S3-S6 at relatively high concentration (10 wt%) in chlorobenzene.
Device Performance
The dielectric constant spectra for the oleic-acid-stabilised, niobium-doped (7.12% and 5.6%) titanium dioxide (OA-Nb-TiO2) nanorods S4 and S5, respectively, and that of the corresponding non-doped, oleic-acid-stabilised, titanium dioxide (OA-TiO2) nanorods, for comparison purposes, are shown in Figure 7 . All spectra indicate a slight increase of the dielectric constant as the frequency is reduced, which is related to polarisation effects involving the device's interface contribution to the impedance. 41 The dielectric constant at frequencies in the region of 100kHz-1MHz is around 6 for the non-doped, oleicacid-stabilised, titanium dioxide (OA-TiO2) nanorod reference material, while it increases to more than 8 for the oleic-acidstabilised, niobium-doped (7.1 wt%) titanium dioxide (OA-NbTiO2) nanorods S4. Similarly, current-Voltage leakage current measurements show that an increasing niobium concentration improves the leakage current by reducing it and thereby Figure 8a . Further analysis of the current-voltage characteristics as shown in Figure 8b , suggests common current-voltage characteristics of the three nanomaterials tested, i.e., a nearly linear behaviour at low voltages (the slight mismatch with a perfectly linear regime could be attributed to the very low current level approaching the detection limit of our instrument), followed by a superlinear behaviour at higher voltages with exponent around 5-6. The former could be attributed to a hopping leakage mechanism 42 , while the latter could indicate a trap-assisted mechanism (power behaviours with such high exponents could be attributable to the Poole-Frenkel mechanism 42 ) although only temperature dependent measurements would allow an indepth insight in this direction. The major difference between the three trends is the onset voltage of the superlinear regime at ca 3V for the non-doped, oleic-acid-stabilised, titanium dioxide (OA-TiO2) nanorod reference material, while it increases to more than 10 V for the corresponding oleic-acid-stabilised, niobium-doped (7.1 wt%) titanium dioxide (OA-Nb-TiO2) nanorods S4. Co-doping of titanium dioxide with donor-acceptor dopants has recently received a lot of interest in terms of the creation of materials with colossal permittivity and low, or improved, loss. 43 Niobium is a very common material donor dopant 44 and niobium doping alone has been reported recently to produce titanium dioxide films with permittivity above 10 4 . 44 This behaviour could be compatible with the results reported here where niobium doping (7.12%) of the non-doped, oleic-acidstabilised, titanium dioxide (OA-TiO2) nanorod reference material increases the dielectric constant by a third (from k = 6 to k > 8, respectively) for the oleic-acid-stabilised, niobiumdoped titanium dioxide (OA-Nb-TiO2) nanorods S4. While such an increase is remarkable for solution-processable dielectric materials, it is the probably the presence of a low-dielectricconstant, organic capping of oleic acid around the oleic-acidstabilised, niobium-doped titanium dioxide (OA-Nb-TiO2) nanorods S4 and S5, that actually attenuates the high permittivity enhancement achievable with niobium-doping of titanium dioxide, if the low dielectric constant part was absent. Interestingly, niobium doping has also been used in several works as an effective way to increase the conductivity of titanium dioxide electron transporting layers 45 or to be used just as alternative transparent conductive oxide. 46 
Figure 7
Dielectric constant spectra for the oleic-acid-stabilised, niobium-doped titanium dioxide (OA-Nb-TiO2) nanorods S4 and S5 and that of the corresponding non-doped, oleic-acidstabilised, titanium dioxide (OA-TiO2) nanorods, obtained by analysing the impedance data using an R-C parallel model. Current-Voltage Leakage current measurements in inert environment for the oleic-acid-stabilised, niobium-doped titanium dioxide (OA-Nb-TiO2) nanorods S4 and S5 and that of the corresponding non-doped, oleic-acid-stabilised, titanium dioxide (OA-TiO2) nanorods, a) log-linear plot, b) log-log plot with the high moisture measurement carried out at room temperature and 95% relative humidity in an oxygen-free environment.
Higher levels of niobium doping in the oleic-acid-stabilised, titanium dioxide (OA-Nb-TiO2) nanorods S4 and S5 resulted in improved leakage current of the dielectric film, mainly by increasing the effective onset voltage of the super-linear regime. Electron-pinned defect-dipoles arising from the interaction between niobium and oxygen vacancies create reduced dielectric losses 44 and could support this interpretation of these results. Moreover, leakage current measurement in an inert nitrogen environment, but the presence of high moisture levels shows that the superlinear regime could actually be related to water, likely adsorbed onto titanium dioxide, as shown by the blue curve in Figure 8b . Thus, it is possible that the observed niobium doping effect on the leakage current could arise from a suppressed water adsorption over the nanorods, due to oxygen vacancy passivation 47 due to the aforementioned interaction between the niobium dopants and oxygen vacancies. 44 
Conclusions
Novel, low-cost, solution-processable and highly crystalline, niobium-doped titanium dioxide nanorods have been prepared using a one-step hydrolytic condensation reaction. Uniform thin, smooth, and transparent films of these nanorods have been deposited from concentrated solution (10 wt%) in chlorobenzene by spincoating onto standard crossbar test devices. The dielectric constant (k > 8 at frequencies in the region of 100 kHz-1 MHz) of these oleic-acid-stabilised, niobium-doped (7.12%) titanium dioxide (OA-Nb-TiO2) nanorods is a third higher than that (k = 6) of the corresponding non-doped, oleic-acid-stabilised, titanium dioxide (OA-TiO2) nanorods used as a reference material. Current-Voltage (J-V) leakage current measurements show that a higher niobium concentration improves the leakage current of the test devices by reducing it and preventing hard dielectric breakdown. Electron-pinned defect-dipoles due to electrons and oxygen vacancies located in the limited lattices may be the main reason for the increase of dielectric constant and decrease of dielectric loss in the high frequency range. It is the probably the presence of the low-dielectric-constant organic capping of oleic acid around the niobium-doped titanium dioxide (OA-Nb-TiO2) nanorods that attenuates the high permittivity enhancement.
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